Damage Model in Open Al Foams  by Pinto, Hernán & Aravena, Ignacio
 Procedia Engineering  74 ( 2014 )  96 – 100 
1877-7058 © 2014 Elsevier Ltd. Open access under CC BY-NC-ND license. 
Selection and peer-review under responsibility of the Politecnico di Milano, Dipartimento di Meccanica
doi: 10.1016/j.proeng.2014.06.231 
ScienceDirect
Available online at www.sciencedirect.com
XVII International Colloquium on Mechanical Fatigue of Metals (ICMFM17) 
Damage model in open Al foams 
Hernán Pintoa*,Ignacio Aravenaa 
aPontificia Universidad Católica de Valparaíso, Valparaíso 2362804, Chile 
Abstract 
In this paper, we propose a damage accumulation model for open cell aluminum metal foams subjected to fully reversed cyclic 
loading based on three different approaches: linear, quadratic and exponential. Toward this aim, an analysis of the fatigue 
behavior and a failure criterion are necessary. The fatigue behavior will be analyzed using the well known statistical Weibull 
model, and the failure criteria considered for the analysis correspond to a criteria previously published that relates the tensile and 
compression pre peak slope of the hysteresis curve. The proposed models; linear, quadratic and exponential, allows us to obtain 
directly the damage accumulation in open cell metal foams as a function of the number of cycles applied, the total strain 
amplitude, and the initial value of the damage accumulation 
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Nomenclature 
A model parameters 
B  threshold value of lifetime 
C endurance limit 
HC pre peak compressive of the stress strain curve 
HT pre peak tensile of the stress strain curve 
N Number of cycles 
N* Number of cycles to failure 
p probability of failure 
R damage level 
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R0 initial damage level 
ȕ Weibull shape parameter 
Ȝ Weibull zero percentile curve position parameter 
į Weibull scale factor 
İa total strain amplitude 
1. Introduction 
Aluminum foams, as well as metal foams, are very light and have a very good strength and stiffness to weight 
ratios [1,2,3,4], that make them very desirable for a several different industrial applications, specially for the 
automotive and aerospace industries and lately for some construction applications. 
Several researchers have conducted different characterization of the mechanical properties of metal foams, 
regarding fatigue analysis; the effort has been focused mainly for unreversed loads [1,2,3,4]. 
In this paper, we propose three models (linear, quadratic and exponential) to analyze damage accumulation of 
open cell metal foams subjected to fully reversed cyclic loading. To obtain them, a fatigue behavior analysis and a 
failure criteria are necessary; the fatigue analysis was using the Statistical Weibull model [5,6,7,8] and the failure 
criteria correspond to the defined by Ingraham et al.[9]. 
The paper is structured as follows: Section 2 presents the proposed model. Section 3 presents the application and 
validation of the models, and Finally, Section 4 summarizes the conclusions. 
2. Proposed Models 
Fatigue analysis models, provides only a description of the number of cycles to failure at a given strain amplitude 
but does not describe how the material damage state evolves from the initial damage level at the virgin material up 
to the failure. Therefore, a damage accumulation model is necessary to describe the evolution of the damage state in 
the material with number of cycles. In order to generate the proposed models, in this research, the Statistical Weibull 
model [8] is considered to analyze the fatigue behavior, this model directly provides a statistical description of the 
strain life curves for a a given material through percentile curves, and can be expressed by: 
N* = exp B+
λ +δ − log 1− p( )( )1/β
logεa
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Also, a  failure criterion to obtain the fatigue life of the specimen, is necessary. Due to the difficult of considering 
traditional damage measures in a cellular solids material, the definition of damage in metal foams proposed by 
Ingraham et al. [9] is considered. They propose that the ratio R = HC/HT, which is initially close to one, increases as 
the material becomes more damaged, and failure occurs in the cycle when R=1.5, where HC is the compressive pre-
peak slope and HT is the tensile pre-peak slope of the stress-strain curve. 
2.1. Damage accumulation model 
Damage accumulation curves, will have the behavior shown in figure 1, which consists of three regimes; the first 
has very little or zero slope over a long period of cycles, in the second regime the rate of damage accumulation starts 
to increase, and in the final regime the maximum rate is reached, and the damage proceeds until material failure. 
Damage accumulation models can be expressed in its most general form as Equation 2, where vi are the variables 
that affect the damage level. 
R= h v1,v2,v3,...,vn( )    (2)
98   Hernán Pinto and Ignacio Aravena /  Procedia Engineering  74 ( 2014 )  96 – 100 
Fig. 1. Schematic damage accumulation curve  
In this research the variables involved in the problem are N, the initial damage (R0), and the total applied strain 
amplitude, therefore the damage accumulation model, has the following general form 
R= h N,εa, R0( )    (3)
The h function will vary depending the mathematical approach considered. To obtain the model, it is necessary to 
estimate the model parameter of each approach; the estimation of the model parameters is conducted considering the 
failure state, so R  is going to be the value defined for failure (1.5) [9] and the strain-lifetime expression for the 
statistical Weibull model (Equation 1). After further mathematical manipulation, the general expressions for each 
approach are obtained. In table 1, a summary of the three different approaches with the general expressions and the 
damage accumulation model obtained are presented. 
Table 1. Damage accumulation model expressions for each approach. 
Approach General Expression Damage Accumulation model 
Linear R= AN + R0
R= 1.5− R0
exp B+
λ +δ − log 1− p( )( )1/β
logεa −C
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N + R0
Quadratic R= A1N + A2N2 + R0
R= 1.5− R0
exp B+
λ +δ − log 1− p( )( )1/β
logεa −C
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2 + R0
Exponential R= R0AN R= R0 1.5( )N N*
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3. Application 
The material studied on this research was aluminum open cell foam; commercially produce by ERG Aerospace 
of Oakland, California under the name of Duocel. The base material of the foam was the AL 6061, and for the 
experimental campaign two different sets of foams were considered: 40 and 20 pores per inch (ppi), with an average 
relative density of 7.38% and 7.5% for the 40 and 20 ppi respectively. Tests were conducted on a dog bone 
specimens with a test cross section of 25.4 [mm.] wide by 38.1 [mm.] thickness, and a length of 50.8 [mm.] under 
fully reversed cyclic loads at a constant frequency of 0.1 [Hz.], under strain control amplitude. In table 2 the results 
of the fatigue data for each porosities and strain amplitude tested are presented. 
Table 2. Strain life data obtained from the experimental campaign. 
Total Strain amplitude (%) 20 ppi 20 ppi 20 ppi 40 ppi 40 ppi 40 ppi 
0.30 2316 1706 1081 1536 1800 1380 
0.40 589 796 666 232 456 271 
0.50 111 173 161 110 79 107 
0.75 11 31 29 9 13 37 
1.00 15 13 11 9 10 16 
1.25 6 7 8 6 10 6 
Once the experimental data are available, the Weibull model parameters are obtained, with these parameters, the 
failure criteria, and the model for damage accumulation, the damage accumulation curves for each proposed 
approach are obtained and presented in figures 2 and 3, where the curve generated by the model is shown in dashed 
line and the experimental curves in solid lines. Each figure has three pairs of plots; linear, quadratic and exponential 
model (upper, middle and lower set of figures respectively), and left side figures and right side figures are for 
different fixed strain amplitudes. As it can be seen in both figures (2 and 3), each model provide curves that have the 
shape described in figure 1, being each one of them suitable to represent the damage accumulation and to generate 
the damage accumulation curve for the material. 
Fig. 2. Damage accumulation curves form linear (upper), quadratic (middle) and exponential (lower) approaches for 0.3% (left Column) and 
0.4% (right column) for: (a) 20 ppi open cell Al foam; (b) 40 ppi open cell Al foam. 
a) 
b) 
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The initial value of the damage accumulation level is found to be critical. In this research we considered an initial 
value of R0=1, however in the experimental results the initial value is around one. When the experimental data start 
close to one, models provide better results, on the other hand, when the initial damage value is not close to one, 
bigger differences are appreciated. Nevertheless, the shapes of the curves are the same and the differences are only 
because the initial value of damage considered by the model. 
Finally, we can state that all of the models can be used to generate the damage accumulation curve, however, 
better results are obtained using the quadratic approach for both porosities. The reason that makes the quadratic 
approach better than the others it is related to the behavior on the second and third stage of the damage accumulation 
curve, specially because the quadratic approach, better represents the rapid acceleration of the increase of the slope 
in the second stage and the slopes on the transition between the second and the third stage of the damage 
accumulation curves.  
4. Conclusion 
Three different models (linear, quadratic, exponential) for damage accumulation in open cell metal foam under 
fully reversed cyclic loading has been proposed. 
In order to obtain the models, the Weibull fatigue analysis model developed by the author and his coworkers [8] 
and the failure criterion proposed by Ingraham et al. [9] are considered. 
The proposed models allows us to obtain directly the damage accumulation in open cell metal foams as a 
function of the number of cycles applied, the total strain amplitude, and the initial value of the damage 
accumulation. 
All of them provide adequate predictions of the fatigue lifetime, but the quadratic model better approximates the 
rapid acceleration of the increase of the slope in the second stage and the slopes on the transition between the second 
and the third stage of the damage accumulation curves. As a consequence, in this approach the slopes of the second 
stage and in the transitions between stages 2 and 3 are closer to what occur in the experimental curves. 
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